Here we re-examine AQP1 biogenesis and show that irrespective of the reporter or fusion site used, oocytes and mammalian cells yielded similar topologic results. AQP1 intermediates containing the first three TM segments generated two distinct cohorts of polypeptides in which TM3 spanned the ER membrane in either an Ncyto/Cexo (mature) or Nexo/Ccyto (immature) topology. Pulse-chase analyses revealed that the immature form was predominant immediately after synthesis but that it was rapidly degraded via the proteasome-mediated endoplasmic reticulum associated degradation (ERAD) pathway with a half-life of less than 25 min in HEK cells. As a result, the mature topology predominated at later time points. We conclude that (i) differential stability of biogenesis intermediates is an important factor for in vivo topological analysis of truncated chimeric proteins and (ii) cotranslational events of AQP1 biogenesis reflect a common AQP1 folding pathway in diverse expression systems.
Polytopic membrane proteins are synthesized and oriented in the endoplasmic reticulum (ER) 1 by the ribosome and Sec61 translocon complex (1) (2) (3) . In the simplest model, topology of each transmembrane (TM) segment is established in a vectoral and sequential manner (N to C termini) (4) as independent signal anchor and stop transfer sequences alternately gate the translocon and the ribosome-translocon junction and direct TM segment integration into the lipid bilayer (cotranslational model) (5) (6) (7) . However, a growing body of evidence has demonstrated that the final topology of many native proteins is not necessarily established cotranslationally but rather through cooperative interactions between topogenic determinants (TM segments) located within different regions of the polypeptide (post-translational model) (8 -16) .
One example of the post-translational model occurs during the biogenesis of aquaporin-1 (AQP1), a hydrophobic membrane protein of ϳ29 kDa that exists as a homo-tetramer in cell membranes. AQP1 is a member of the MIP (major intrinsic protein) family (17, 18) . In its mature form it exhibits a characteristic topology with six TM segments and two additional short helical regions flanked by conserved NPA motifs that fold inward within the plane of the membrane to form a monomeric, water-selective pore (19, 20) . AQP1 is expressed in diverse cell types and is localized in the kidney to the proximal tubule and descending limb of the loop of Henle where it plays a major role in renal water reabsorption (18, 21) .
Early biogenesis studies of AQP1 in cell-free systems and microinjected Xenopus oocytes revealed a novel mechanism in which only four of its six transmembrane segments cotranslationally acquired a membrane spanning topology (22) . This four-spanning intermediate later matures in the ER membrane to form the final six-spanning structure (23, 24) . AQP1 biogenesis differs from the cotranslational pathway utilized by a close homolog, AQP4 (25) , in part because hydrophilic residues within the N terminus of TM2 (Asn 49 and Lys 51 ) disrupt stop transfer sequence and allow TM2 to transiently pass through the translocon and into the ER lumen (24) . As a result, when TM3 emerges from the ribosome, it acts as a stop transfer sequence to terminate translocation and cotranslationally adopt an Nexo/Ccyto (Type I) topology. A four-spanning intermediate is synthesized because TM4 does not reinitiate translocation, and TM5 and TM6 act as signal and stop transfer sequences, respectively (see Fig. 1A ). The defining feature of this folding intermediate is that TM3 is initially oriented with its C terminus positioned in the cytosol. In Xenopus oocytes, TM3 topology is "corrected," because it rotates 180°about the plane of the membrane to acquire its mature topology during a later stage or following the completion of AQP1 synthesis (23) .
Recent work has suggested that the AQP1 biogenesis pathway may be dependent on cell type (26) . A study by the Turner group (26) examined the topology of truncated constructs in which variable numbers of AQP1 TM segments were placed into a chimeric protein containing N-and Cterminal reporter domains derived from EGFP and the ␤-subunit of the H/K-ATPase, respectively. The topology of TM segments was inferred by N-linked glycosylation of the Cterminal reporter in intact HEK-293 cells. In contrast to results in oocytes, the Turner group found that TM3 had already acquired its mature Ncyt/Cexo topology (e.g. the reporter was glycosylated) in constructs containing only the first three AQP1 TM segments and concluded that AQP1 biogenesis therefore occurs in a cotranslational fashion without reorientation from a four-spanning intermediate.
These studies have lead to several unanswered questions regarding AQP1 biogenesis. Different reporter domains (prolactin versus H/K-ATPase ␤-subunit derivatives), translocation assays (protease protection versus glycosylation) and fusion sites could potentially account for the different apparent topology observed for TM3. Because C-terminal reporters are routinely used to study polytopic protein biogenesis, these factors are of more than just academic interest. In addition, although truncated proteins provide important structural information at a relatively defined point of synthesis, they lack C-terminal sequence information and therefore must be viewed as populating intermediate folding states. As such they are potential candidates for recognition by ER quality control machinery. Consistent with this we had previously observed that certain AQP1 fusion proteins are relatively unstable in oocytes (27) . A final possibility proposed by the Turner group is that oocytes and mammalian cells handle topological information in fundamentally different ways. If true, this would have major implications for protein biogenesis.
Xenopus oocytes efficiently express diverse aquaporins and have been extensively used to study AQP biosynthesis, trafficking, and function (28 -32) . However, a direct comparison of biosynthetic mechanisms in oocyte and mammalian cells has not previously been carried out. We therefore systematically examined AQP1 fusion proteins containing two, three, or four TM segments in both Xenopus oocytes and HEK-293 cells to determine the origin of previous discrepancies. We now show that irrespective of the reporter or fusion site examined, both systems yielded similar topologic results. AQP1 intermediates containing the first three TM segments gave rise to two distinct cohorts of polypeptides in which TM3 spanned the ER membrane in either an Ncyto/Cexo (mature) or Nexo/Ccyto (immature) topology. Careful pulse-chase analyses revealed that the immature form predominated immediately after synthesis in both cell types but that it was rapidly degraded via the proteasome-mediated ERAD pathway. As a result, the mature topology predominated 1-2 h after synthesis in HEK cells. We conclude that differential stability of biogenesis intermediates is an important factor for in vivo analysis of truncated chimeric proteins and that cotranslational events of AQP1 biogenesis are conserved in diverse expression systems.
MATERIALS AND METHODS
cDNA Construction-Plasmids AQP1P77.P, AQP1L139.P, and AQP1P169.P are described previously as clones 3, 6, and 7 (22); AQP1S66.P, AQP1T120.P, and AQP1L164.P were generated using the same strategy by PCR amplification of AQP coding region using antisense oligonucleotides: S66, GCTGATGGTCACCCCACTCTGCGCCA-GCGTGGC; T120, AAGCGAGGTCACCGTCAGGGAGGAGGTGAT; and L164, GGGGGCGGTCACCCCAAGGTCACGGCGCCTCCG. The resulting constructs contain AQP1 residues 1-66, 1-77, 1-120, 1-139, 1-164, or 1-169 followed by the C-terminal 142 amino acids of bovine prolactin, a passive translocation reporter (5). Plasmid pEGFP. AQP1T120.␤ was kindly provided by R. James Turner and is derived from pEGFP-C3 (Clontech, Palo Alto, CA) (26) . It contains AQP1 codons 1-120 fused between EGFP and the C-terminal 177 amino acids of the H/K-ATPase ␤-subunit. pEGFP.AQP1S66.␤, pEGFP.AQP1P77.␤, pEGFP.AQP1L139.␤, pEGFP.AQP1L164.␤, and pEGFP.AQP1P169.␤ were generated by PCR amplification of AQP1 cDNA using a sense oligonucleotide (TGAGTAGATCTCATGGCCAGCGAGTTCAAG) and corresponding antisense oligonucleotides S66 (TGAGTAAGCTTCCAC-TCTGCGCCAGCGTC), P77C (AGTGTGAAGCTTCCCGGGTTGAGGT-GGGCCCG), L139 (ATCTCGAAGCTTCCCAGGCCCTGGCCCGAGT-TC), L164 (TGAGTAAGCTTCCAAGGTCACGGCGCCT), and P169 (C-CGATGAAGCTTCCGGGGGCTGAGCCACCAAGG) encoding BglII (sense) and HindIII (antisense) restrictions sites that were used to ligate DNA fragments into the EGFP-␤ subunit cassette. The constructs encode AQP1 residues 1-66, 1-77, 1-139, 1-164, or 1-169 flanked by EGFP and ␤-subunit. The full-length AQP1 construct was generated by ligating AQP1 cDNA into the mammalian expression vector pEGFP-N3 (Clontech) between the HindIII and NotI restriction sites resulting in a full-length AQP1 construct without an EGFP tag. The sequence of all PCR-amplified DNA was verified by automated DNA sequencing.
Xenopus laevis Expression-mRNA was transcribed in vitro with SP6 RNA polymerase (New England Biolabs, Beverly, MA) using 2 g of plasmid DNA in a 10-l volume at 40°C for 1 h as previously described (22) . The aliquots were used immediately or frozen in liquid nitrogen and stored at Ϫ80°C. 2 , 0.41 mM CaCl 2 , 10 mM HEPES, pH 7.4, 50 g/ml gentamicin, 100 units/ml penicillin, and 100 g/ml streptomycin sulfate).
Protease Protection and Pulse-Chase Assays in Oocytes-The oocytes were injected as described above, incubated at 18°C for 3 h, and homogenized by hand in 3 volumes of 0.25 M sucrose, 50 mM KAc, 5 mM MgAc 2 , 1.0 mM dithiothreitol, 50 mM Tris-Cl, pH 7.5. The homogenates were divided into three 10-l aliquots on ice. Proteinase K (Roche Applied Science) was added (final concentration, 0.2 mg/ml) in the presence or absence of 1% Triton X-100. The reactions were incubated on ice for 1 h and rapidly mixed with phenylmethylsulfonyl fluoride (10 mM) and boiled in 10 volumes of 1% SDS, 0.1 M Tris-HCl, pH 8.0, for 5 min. The samples were then diluted in 10 volumes of buffer A (100 mM Tris, pH 8.0, 100 mM NaCl, 1% Triton X-100, 2 mM EDTA), incubated at 4°C for 15 min, and centrifuged at 16,000 ϫ g for 10 min at 4°C to remove insoluble debris. Efficiency of the assay was regularly assessed using a known secretory control protein and was Ͼ80%. For pulse-chase assays oocytes were injected as described and incubated at 18°C for 2 h, and the medium was then replaced with fresh MBSH containing 2 mM methionine. The oocytes were harvested at the specified time points and processed as above.
HEK-293 Pulse-Chase Studies-HEK-293 cells were cultured in Dulbecco's modified essential medium (Fisher) supplemented with 100 units/ml penicillin, 100 g/ml streptomycin sulfate, and 10% heatinactivated fetal bovine serum (Invitrogen). The cells were grown on plastic in a humidified incubator at 37°C and 5% CO 2 and were passaged every 3-4 days. The cells were transfected at 50 -60% confluence with TransIT-LT transfection reagent (Mirus, Madison, WI) according to the manufacturer's instructions (3 g of cDNA and 12 l of TransIT-LT reagent/60-mm plate). Transfection efficiencies were ϳ40% as determined by EGFP fluorescence. 48 h after transfection media was replaced with 1 ml of methionine-cysteine-free medium for 30 min. The cells were then pulse-labeled with 80 Ci of [
35 S]methionine for 15 min, and the medium was removed and replaced with fresh complete medium for the indicated duration of the chase. The cells were lysed on ice with 1 ml of radioimmune precipitation assay buffer (0.1% SDS, 1% Triton X-100, 1% dexoycholate, 150 mM NaCl, 10 mM Tris-Cl, pH 8.0, 2.5 mM MgCl 2 , 1ϫ protease inhibitors III (CalBiochem, San Diego, CA), and 1 mM phenylmethylsulfonyl fluoride) for 30 min on ice and passed through a 26-gauge needle three times. The samples were then clarified at 16,000 ϫ g for 12 min.
Immunoprecipitation-Clarified oocyte or HEK cell homogenates were incubated with anti-prolactin antisera (ICN Biomedicals, Costa Mesa, CA) at 1:2000 dilution, polyclonal anti-EGFP antibody (Molecular Probes, Eugene, OR) at 1:2000 dilution, or polyclonal rabbit anti-AQP1 antisera raised against purified AQP1 protein (generously provided by A. Verkman, UCSF, San Francisco, CA) at 1:1000 dilution and 5.0 l of protein-A Affigel (Bio-Rad). The samples were rotated for 10 h at 4°C (oocyte homogenates) and 4 h (HEK cells) prior to washing three times with solubilization buffer and twice with 100 mM NaCl, 100 mM Tris-Cl, pH 8.0. The samples were boiled in protein SDS loading buffer (33) and analyzed by SDS-PAGE, EN 3 HANCE (PerkinElmer Life Sciences) fluorography. The intensity of recovered bands was quantitated using a Bio-Rad personal Molecular PhosphorImager Fx (Kodak screens, Quantity-1 software).
PNGase F Digests-Beads from immunoprecipitations were resuspended after the final wash in 15 l of 0.1 M Tris-Cl, pH 7.5, and 0.3 l of PNGase F (New England Biolabs, Beverly, MA), and incubated at 37°C for 3 h. The samples were then analyzed by SDS-PAGE as described above.
RESULTS
C-terminal translocation reporters placed after connecting peptide loops have been widely used to study membrane protein topology and biogenesis (6, 12, 13, 22, 34 -39) . The rationale for this approach is that topology of TM segments and their connecting loops is controlled by the action of topogenic determinants encoded within the nascent polypeptide. TM segments that function as signal (anchor) sequences open the Sec61 translocon channel and initiate translocation of polypeptide into the ER lumen. All else being equal, translocation will continue until a second TM segment is synthesized that functions as a stop transfer sequence to close the translocon, relax the ribosome-translocon junction, and allow the next peptide loop to enter the cytosol. In this manner, topology is determined cotranslationally as the nascent polypeptide emerges from the ribosome. A passive reporter domain (i.e. one containing no intrinsic topogenic information) fused to a peptide loop downstream of a signal sequence will therefore follow the loop into the ER lumen, whereas a reporter located downstream of a stop transfer will, in turn, remain in the cytosol.
Two variations on this strategy have been employed to map the cotranslational topology of AQP1. In the first approach, a C-terminal reporter domain derived from the secretory protein prolactin was fused to each AQP1 peptide loop, and topology was determined in vitro and in microinjected Xenopus oocytes using a protease protection assay (22) . The second approach used a different chimeric cassette containing an N-terminal EGFP domain and a C-terminal reporter derived from the ␤-subunit of the H/K-ATPase. Topology of the ␤-subunit was then determined in HEK-293 cells based on N-linked glycosylation, which occurs exclusively in the ER lumen (26, 40, 41) . Key differences between these studies are summarized in Fig.  1 . In oocytes, reporters fused to the TM2-3 loop (residue Pro 77 ) or the TM3-4 loop (Leu 139 ) were located in the ER lumen and cytosol, respectively ( Fig. 1A) (22) . Surprisingly this was different from their expected topology in the mature protein. Two subsequent studies confirmed these results and demonstrated that AQP1 TM segments 2-4 cotranslationally acquire an immature topology that is subsequently converted to the mature topology by an internal 180°rotation of TM3 (23, 24) . In contrast, glycosylation patterns of the ␤-subunit domain lead to the conclusion that the TM2-3 and TM3-4 loops acquire their proper topology cotranslationally in the ER of mammalian cells and therefore do not undergo a topological reorientation (Fig. 1B) .
Although similar in many ways, these studies differed in several important aspects including the location of fusion sites, the reporter domain used, and the cell expression system. We therefore undertook a systematic comparison of AQP1 biogenesis in oocytes and mammalian cells using similar truncation sites and reporters to resolve these discrepancies. Because the major differences involved the initial orientation of TM3 (Type I in oocytes and Type II in HEK cells), we focused our attention primarily on the topology of TM3 and its immediate flanking residues. Topology of other regions such as the N and C termini and TM5-6 are well established and were therefore not retested here (Fig. 1) .
Reporter Fusion Site Does Not Affect Outcome of Early Biogenesis Experiments in Oocytes-
We first addressed whether topological differences might arise from the use of different fusion sites. In particular, up to 10 -15 flanking residues can influence topogenic activities of TM segments (42) . Thus fusion sites very close to the TM C terminus such as those used in the EGFP-␤-subunit chimeras might delete potentially important topogenic information. Alternatively, the fusion site might introduce new flanking residues (from the ␤-subunit) that could inadvertently alter TM2 behavior. AQP1 fusion sites were therefore tested head-to-head by placing the prolactin reporter at both truncations sites downstream of TM2 (Ser 66 and Pro 77 ), TM3 (Thr 120 and Leu 139 ), and TM4 (Leu 164 and Leu 169 ( Fig.  2A) . Topology was determined by protease protection as described under "Materials and Methods." Consistent with our previous results, fusion to the TM2-3 peptide loop at either truncation Ser 66 or Pro 77 resulted in similar translocation of the reporter (80 -83%; Fig. 2B, lanes 1-6) . Similarly, the ␤-subunit-TM2 fusion site used by Dohke et al. (46) had only a modest effect on translocation of the P-reporter, decreasing translocation by 5-10% (data not shown). In contrast, when the reporter was placed in the TM3-4 loop (truncations Thr 120 and Leu 139 ) or the TM4 -5 loop (truncations Leu 164 and Leu 169 ), it was ϳ85-90% and Ͼ95% cytosolic, respectively (Fig. 2B, lanes  7-18) . As was observed previously, ϳ50% of fusion proteins truncated after TM3 (TM3.P and TM4.P) underwent N-linked glycosylation at residue Asn 42 , which resulted in a 3-kDa shift in migration (22) .
These results thus support previous topological findings in Xenopus oocytes and demonstrate that different topological orientations obtained for TM2 and TM3 (shown in Fig. 1) were not likely caused by subtle modification of downstream flanking residues due to different fusion sites. In all cases, TM2 did not function as an efficient stop transfer sequence to terminate translocation, and TM3 initially spanned the membrane with its C-terminal flanking residues oriented toward the cytosol. tation to all topology mapping studies is that results are often not absolute. For example, variable degrees of glycosylation were observed for several EGFP-AQP-␤-subunit chimeras in HEK cells, particularly for fusion sites in the TM2-3 and TM3-4 loops (26) . Similarly, in our original analysis we used a cut-off of ϳ80% protease protection to define whether a peptide loop segment was translocated into the ER lumen (22) . As shown in Fig. 2B , the majority of the reporter fused to residues Thr 120 or Leu 139 was accessible to cytosolic protease. However, a small fraction (10 -15%) appeared to be resistant to digestion. Although this could potentially be caused by subtle variations in reporter folding and efficiency of proteolysis, this minor fraction was completely degraded in the presence of nondenaturing detergent (Fig. 2B, lanes 9 and 12) . This raised the possibility that nascent polypeptides with protected versus accessible reporters might represent separate cohorts of proteins with different topological structures.
We therefore used pulse-chase metabolic labeling to test the topology of AQP1 fusion proteins truncated after TM3 at residues Thr 120 and Leu 139 . Oocytes were simultaneously injected with mRNA and [
35 S]methionine to initiate rapid radiolabeling of newly synthesized protein. Labeling gradually tapers off after several hours because of dilution by medium and oocyte methionine stores (Ref. 43 and data not shown). In some cases the chase was performed in the presence of excess unlabeled methionine, but this had little effect given the long time course used (data not shown). Incubation times were chosen based on previous studies demonstrating that processing and transport proteins out of the oocyte ER is significantly slower than mammalian cells and occurs over the time frame of many hours (43, 44) . At the end of the incubation, reporter topology of remaining polypeptides was determined by protease protection. Two important results were obtained from these experiments. First, both constructs, regardless of the fusion site, were quite unstable and underwent significant degradation during the chase period (Fig 3A, compare lanes 1, 4, and 7 with lanes 10, 13, and  16) . After 24 h the amount of protein remaining had decreased by 60 -80% (Fig. 3B) . In contrast, there was little or no decrease in the amount of protein that yielded a protease protected reporter. This resulted in a 3-4-fold increase in the fraction of remaining chains in which TM3 C-terminal residues appeared to reside in the ER lumen (Fig. 3, C and D) .
Although not conclusive in themselves, these results suggested a scenario in which synthesis of the first three AQP1 TM segments provides insufficient topogenic information to efficiently direct TM segments into their proper topology. Most polypeptides, (ϳ85% in oocytes) can only achieve a two-spanning topology in which TM2 does not yet stably span the membrane and in which TM3 is oriented in an N exo /C cyto topology. However, in a relatively small fraction of polypeptides, TM3 does acquire its proper N cyt /C exo topology, which is reflected by translocation of the TM3-4 loop and its attached reporter (Fig.  3C ). Thus two different isoforms appear to be generated in oocytes when synthesis of TM3 and TM4 is completed, and synthesis of TM5-6 has not yet begun. Whereas the two-spanning topology initially predominates, selective degradation of this isoform leads to a relative increase in the more stable three-spanning isoform over time.
AQP1 Fusion Proteins Generate Multiple Topological Isoforms in Mammalian Cells-If truncated AQP1 constructs gave rise to multiple topological isoforms in mammalian cells, then differential stability might explain some of the topological discrepancies demonstrated in Fig. 1 . We therefore re-evaluated chimeric fusion proteins previously used by the Turner group to better define AQP1 biogenesis in mammalian cells. AQP1 fragments were inserted into the EGFP-␤ subunit chimera described previously at two different truncation sites after TM2, TM3, and TM4 (26) . As shown in Fig. 4A (gray rectangles) . B, constructs in A were expressed in oocytes, and reporter topology was determined by proteinase K (PK) digestion in the presence or absence of Triton X-100 (Tx-100). Shown is a representative autoradiogram of prolactin reactive immunoprecipitated products. The percentage of reporter protected from proteinase K digestion was normalized to a control secretory protein.
Topology of fusion sites are illustrated under autoradiogram. The data show average of three or more experiments Ϯ S.E.M. lated form (Fig. 4B, lanes 1-4) . This is consistent with previous reports that found Ͼ50% glycosylation in the identical Ser 66 construct at steady state. However, in contrast to the previous conclusions that TM2 spanned the membrane cotranslationally, we would argue that TM2 does not efficiently terminate translocation in HEK cells. Rather its C-terminal residues pass into the ER lumen in a major fraction of nascent polypeptides.
The ␤-subunit reporter was also predominantly glycosylated when fused to residues Thr 120 or Leu 139 . Most recovered protein (75-82%) migrated at a size of ϳ62-65 kDa, whereas only faint bands were observed at ϳ50 -53 kDa (Fig. 4B, lanes 5-8) . PNGase F digestion confirmed that the larger bands represented glycosylated forms of the 50-kDa chimeric protein.
These results are consistent with steady state immunoblots (26) of the Thr 120 truncation in which the ␤-subunit reporter was glycosylated in ϳ80% of polypeptides. The simplest explanation for these results is that TM3 is indeed predominantly oriented in its mature N cyt /C exo topology. However, a small proportion of nonglycosylated protein was also isolated (Fig.  4B, upward arrows) . Although it is possible that this might reflect inefficient glycosylation of the reporter (45), this seems unlikely because of the large number of consensus sites available in the ␤-subunit. Indeed, lack of glycosylation of this reporter has been used as a direct readout for its cytosolic location (26, 38, 46) . Polypeptides with nonglycosylated reporters therefore more likely represent a minor cohort of AQP1 that exhibits an alternate topology in which the reporter remains in the cytosol. Thus, like oocytes, mammalian cells appear to generate two different isoforms from constructs containing the first three AQP1 TM segments, but the relative proportion of two-and three-spanning isoforms would appear to be reversed (Fig. 4C) .
Differential Stability of AQP1 Topological Intermediates in HEK-293 Cells-Based on our observations in oocytes, we further investigated the relationship between glycosylated and unglycosylated (three-spanning versus two-spanning) AQP1 fusion proteins by pulse-chase labeling in HEK cells. Because of rapid processing, very short pulse times (15 min) were used to capture AQP1 chimeras as close to the completion of synthesis as possible. These experiments revealed that immediately after synthesis, AQP1 chimeras containing the first three TM segments (truncations Thr 120 or Leu 139 ) were glycosylated in less than 50% of total protein (Fig. 5) . Glycosylated proteins were initially present as a series of bands between 53 and 65 kDa in size that became fully glycosylated within 1 h. Remarkably, 50 -60% of both chimeras were initially present as nonglycosylated protein that rapidly disappeared with a half-life of Ͻ25 min. Thus within 1 h of synthesis, Ͼ80% of remaining protein contained a glycosylated reporter.
Although it is possible that the reporter might have undergone a delayed glycosylation after reaching the ER lumen, we do not believe this is the case because the total amount of glycosylated protein did not change significantly during the chase period when all glycosylated bands were quantitated (data not shown; see also Fig. 6 ). Rather our data indicate that a significant fraction of these chimeras is synthesized in a   FIG. 3 . Differential stability of biogenesis isoforms truncated following TM3. A, autoradiogram of AQP1 truncated in the TM3-4 loop and fused to the prolactin-derived reporter at residues Thr 120 and Leu 139 as indicated. The constructs were expressed in oocytes for the times indicated and homogenates were digested with proteinase K in the presence or absence of Triton X-100 (TX-100). B, results from A were quantitated, and the percentage of reporter protected at each time point was plotted. The results show the averaged values from three independent experiments Ϯ S.E.M. C, model of isoform profile. At early points the two-spanning isoform predominates, whereas the proportion of three-spanning isoform increases ϳ3-fold over the time course of the experiment.
two-spanning topology where TM3 is cotranslationally oriented in an N exo /C cyt topology. Just as in oocytes, this topological isoform is very unstable and selectively degraded, leaving the minor isoform to predominate at later time points. Because of its very short half-life, it is likely that some of the two-spanning isoform is degraded during the pulse period and that the protein present at time ϭ 0 represents an underestimate of the actual fraction of the two-spanning isoform (Fig. 6 ). These data are therefore very similar to the results obtained in oocytes and demonstrate that regardless of the reporter, oocytes and mammalian cells both seem to handle AQP1 cotranslational biogenesis in a similar fashion.
Selective Degradation of AQP1 Biogenesis Intermediates Occurs via the Proteasome-mediated ERAD Pathway-Misfolded
proteins in the ER membrane are usually recognized by quality control machinery and degraded by the ubiquitin-proteasome (ERAD) pathway. We therefore tested whether selective degradation of the two-spanning isoform of AQP1 occurred via the proteasome. Pulse-chase studies performed in the presence of the proteasome inhibitor MG132 revealed that nonglycosylated (two-spanning) isoforms were dramatically stabilized upon proteasome inhibition (Fig. 6, A and C) . Similar results were observed using another proteasome inhibitor N-acetyl-leucylleucyl-norleucinal (data not shown). The relative fraction of the two-spanning isoforms was increased to ϳ70% at initial time points, likely as a result of blocking degradation that took place even during the pulse period as mentioned above. In addition, the ratio of two-and three-spanning isoforms remained nearly constant in the presence of MG132 because selective degradation of the two-spanning isoform was reduced (Fig. 6, B and D) . Importantly, no conversion of the nonglycosylated protein to the glycosylated form was observed. Therefore the predominance of the three-spanning topology observed at late time points does not result from delayed glycosylation of a translocated ␤-subunit reporter. We conclude that the changes observed in the topological profiles of AQP1 chimeras containing the first three TM segments result from selective degradation of the two-spanning, relative to the three-spanning, isoform.
Full-length AQP1 Is Stable in HEK-293 Cells-We previously showed that in Xenopus oocytes, completion of AQP1 synthesis provides additional folding information that converts TM3 from its immature to its mature conformation (23) . Thus in the fulllength protein, the six-spanning topology is not a result of selective degradation but is derived from a rearrangement of TMs 2-4. However, it remained theoretically possible that in mammalian cells, full-length AQP1 could be synthesized as a fourspanning intermediate that was rapidly degraded and that this could result in the predominant mature six-spanning topology. Because the majority of AQP1 is initially synthesized with TM3 in reverse orientation (Fig. 6) , we would expect Ͼ50% of the protein to be rapidly degraded by the proteasome-ERAD pathway. To test this hypothesis, the stability of full-length AQP1 was (Fig. 4) , labeled with [ 35 S]methionine for 15 min, chased with complete media for the indicated times, lysed, and subjected to SDS-PAGE and autoradiography. Nonglycosylated (Ϫg) and glycosylated (ϩg) proteins are indicated. B, at time ϭ 0, ϳ50% of protein was recovered as a 50-kDa nonglycosylated band that rapidly disappeared during the chase period. At later time points the three-spanning (glycosylated) protein predominated. Half-lives of the two-spanning (nonglycosylated) and three-spanning (glycosylated) isoforms were ϳ25 min and Ͼ120 min, respectively. The data show the averages of three or more experiments Ϯ S.E.M.
examined by pulse-chase analysis in HEK cells. The results in Fig. 7 clearly demonstrate that in contrast to truncated constructs, full-length AQP1 was very stable throughout the chase period. Moreover, no significant differences in expression level or stability were observed in the presence of MG132 under our conditions during the time course expected for topological maturation in the ER. Given the very short pulse labeling period used in our study, it is extremely unlikely that degradation of the unstable four-spanning isoform could account for these findings. Thus we conclude that protein initially synthesized with TM3 in the reverse orientation is converted into a more stable structure as additional folding information is provided by synthesis of C terminus residues.
DISCUSSION
Previous studies proposed two different pathways by which AQP1 acquires its mature six-spanning topology in cells. In Xenopus oocytes, biogenesis proceeds from a four-spanning intermediate into a mature six-spanning topology during late stages of synthesis (22) (23) (24) . The hallmark of this unusual folding pathway is that TM3 is initially oriented in an N exo /C cyt topology and must rotate 180°to acquire its proper topology and position TM2 and TM4 within the membrane. In contrast, a recent study failed to observe this intermediate TM3 orientation and concluded that mammalian cells utilize a fundamentally different biogenesis mechanism in which the mature AQP1 topology is established directly by cotranslational events (26) . The current study now reconciles these differences by directly comparing early AQP1 biogenesis events in oocytes and mammalian cells using systematically truncated fusion proteins and two different C-terminal reporter domains.
Our results demonstrate a high degree of conservation in the unique features of AQP1 topogenesis that was independent of the fusion site, reporter domain, topological assay, or expression system utilized. Specifically, as the second TM segment emerges from the ribosome, it failed to efficiently terminate translocation of its C terminus flanking residues in at least 50% of nascent polypeptides in both Xenopus oocytes and mammalian cells. As a result, TM3 subsequently functions as a stop transfer sequence to adopt an N exo /C cyt topology in which its C terminus is transiently oriented in the cytosol. This sequence of events gives rise to an intermediate topological state in which only two of the first three AQP1 TM segments synthesized and cotranslationally acquired a membrane-spanning conformation (shown in Fig. 1) .
A second finding was that several AQP1 topogenic events are not carried out with absolute fidelity in either expression system. Fusion proteins containing only the first three AQP1 TM segments generated two different topological isoforms, a major two-spanning isoform in which TM3 C-terminal flanking residues resided in the cytosol and a minor three-spanning isoform with the TM3 C terminus in the ER lumen. Pulse-chase metabolic labeling studies carried out in the presence and absence of MG132 further demonstrated that these isoforms are differentially recognized and degraded by the proteasome-mediated ERAD pathway. Selective degradation of the two-spanning isoform therefore resulted in a progressive increase in the percentage of remaining polypeptides in the three-spanning (mature) topology. This phenomenon was particularly apparent in HEK cells where very short pulse labeling times were required to confirm the presence of the predominant two-spanning isoform. Its very short half-life of Ͻ25 min explains why the Turner group was unable to observe this species at steady state and after a 1-h cyclohexamide chase (26) . At these longer time points we too found that the three-spanning isoform predominated. Although selective degradation also occurred in oocytes, the time scale of degradation (T1 ⁄2 Ͼ 15 h) was much slower relative to the time course of the experiments. Thus the twospanning isoform was easily observed. Importantly, our results are completely compatible with data reported by the Turner group; however, we have reached different conclusions. The previous discrepancies in AQP1 biogenesis are primarily due to the relative rates of protein synthesis and degradation in oocytes versus mammalian cells rather than fundamentally different behavior of ER translocation machinery.
The findings that truncated fusion proteins can give rise to multiple topological isoforms has several important implications for our understanding of how polytopic protein topology is cotranslationally established by the ribosome translocon complex. Given the rate of protein synthesis (ϳ5 amino acids/s) in mammalian cells (48) and the length of the ribosome exit tunnel (100 Å) (49) , TM segments and short connecting loops would normally reside within the ribosome only for a few seconds before entering the translocon. Cotranslational topogenesis of small polytopic proteins such as AQP1 therefore requires that the translocon rapidly recognize topogenic determinants and dynamically direct regions of peptide into their proper cellular compartment (50) . In the case of AQP1 fusion proteins, the C-terminal reporter should theoretically reflect the last triage decision of the translocon and follow the peptide loop into its appropriate compartment. This assumption serves as the basis for a large number of studies in which C-terminal reporters have been used to determine protein topology (5, 11, 13, 38, 51) . Our findings that different reporter domains and AQP1 truncation sites yield similar topological outcomes in very different cell types support the argument that choice of the translocation pathway (either cytosolic or lumenal) is strongly determined by TM segments present within the ribosome translocon complex. At the same time, however, certain truncations appear to provide the reporter access to both the ER lumen and cytosol (albeit at different efficiencies) as evidenced by the different topologic isoforms generated. This indicates that the translocation pathway is not gated absolutely in one direction or another at all time points during AQP1 synthesis. Rather, the translocon appears to provide a certain degree of ambiguity in which TM segments and their flanking residues may transiently sample multiple topological configurations as the nascent chain extends from the ribosome. This finding is consistent with recent studies demonstrating that N-terminal signal sequences can regulate cytosolic accessibility of translocating proteins (and hence translocation efficiency) in a graded manner (52) (53) (54) . The substitution of large reporters such as the prolactin domain or the ␤-subunit in lieu of the native TM segments likely forces the translocon to make a decision as to where the polypeptide should be directed based on the limited topogenic information available up to the particular truncation site. We do not yet know how flexible the environment is within the ribosome-translocon complex nor how long a TM segment may be allowed to sample different topological spaces. However, in the case of AQP1, the relative proportion of different isoforms may be viewed as reflecting relative accessibility of the reporter to ER and cytosolic compartments. Such flexibility in translocon function might also facilitate proper reorientation of TM3 at later stages of synthesis as more folding information is provided. This is precisely what we observed using small epitope tags inserted into the TM2-3 and TM3-4 peptide loops. TM3 topology gradually changed into its mature orientation as additional TM segments and C-terminal folding information were synthesized (12, 23) . Similar results have been reported for other polytopic proteins in which TM segment reorientation may take place within the translocon (16) .
One question that arises from these studies is why do different AQP1 topological isoforms exhibit such markedly different stabilities. Because exposed hydrophobic patches can act as signals for ERAD (55), the two-spanning isoform could be degraded because TM2 is exposed to the ER lumen (see Fig. 1A ). In contrast, topology of the three-spanning isoform would more closely resemble the mature protein. The ERAD machinery could therefore provide an efficient mechanism for removing proteins that exhibit abnormal topology in the ER membrane. Alternatively, stability may also be influenced by the reporter. Both reporters used here are normally expressed in ER lumen, and localization to the cytosol might therefore disrupt specific folding requirements such as disulfide bond formation (prolactin) or glycosylation (␤-subunit). Although we do not know the extent to which this occurs, the choice of a seemingly "inert" reporter may have significant implications when topologic studies are carried out in intact cells with active ERAD pathways and particularly when the reporter resides in both ER and cytosolic compartments. Our results demonstrate the importance of considering protein stability when performing topology studies with truncated intermediates because failure to examine topology at early time points can lead to erroneous conclusions when multiple isoforms are generated.
This study provides the first direct comparison between the early biogenesis mechanisms of oocytes and mammalian cells using a unique membrane protein substrate. Because oocytes provide a useful and convenient system for heterologous expression of many biologically important proteins (56) , it is reassuring that early biogenesis events concur with those in mammalian cells. Indeed, when differences in protein stability are taken into account, the translocation efficiency and relative proportion of different isoforms for all three truncations examined here were in remarkably good agreement. This observation held even when different reporters, reporter readouts, and fusion sites were compared. In addition, the topology of all other regions of AQP1 was essentially identical (22, 23) . Our findings are therefore consistent with the strong conservation of ER translocation machinery (57) (58) (59) and indicate that the unusual biogenesis mechanism utilized by AQP1 reflects a well conserved pathway of protein folding.
In this regard, we previously established that in Xenopus oocytes, once AQP1 synthesis is completed and all six TM segments are present, the protein acquires a stable conformation because of reorientation of TMs2-4 and repositioning of the TM2-3 and TM3-4 connecting loops (23) . Selective degradation is therefore observed only for truncated fusion proteins that lack C-terminal folding information and are therefore trapped in an unstable topology. Importantly, we also found this to be the case in mammalian cells. In contrast to constructs containing only three TMs where the major isoform was degraded with a T1 ⁄2 of ϳ25 min, full-length AQP1 protein was remarkably stable. Yet our data show that TM3 was cotranslationally directed into the unstable N exo /C cyt topology in 70% of these polypeptides. Thus generation of stable AQP1 protein in mammalian cells, as in oocytes, is not achieved by selective degradation of an unstable four-spanning intermediate. Instead, synthesis of C-terminal residues is able to confer stability on a protein region that is initially inserted into the membrane in an incorrect conformation. Given that mammalian cells and oocytes synthesize and process AQP1 into functional water channels with six TM segments (20, 60, 61) and that AQP1 TM segments are cotranslationally directed into the same immature topology in both systems, it seems reasonable to speculate that mammalian cells also have the capacity to complete AQP1 folding by facilitating topological reorientation of TMs 2-4 in the ER.
We should point out, however, that the purpose of our study was primarily to compare cotranslational translocation events and does not address the mechanism(s) by which AQP1 ultimately acquires its mature six-spanning topology. Specifically, our studies do not address the efficiency of late trafficking events but rather they examine stability of protein during early maturation in the ER which is where the six-spanning topology is initially achieved (23) . In this regard, our results contrast with previous findings by Leitch et al. (47) that showed that AQP1 degradation can be decreased by MG132 (and hypertonic stress) over longer time intervals. Additional work is therefore required to determine conclusively if and how AQP1 reorientation takes place in mammalian cells. The extent to which this unusual AQP biogenesis pathway is utilized by other proteins and the mechanism by which this process is carried out within the ribosome translocon complex also represent important future challenges for unraveling the complex process of membrane protein biogenesis.
